The combination of a computer generated target hologram and a large-area detector leverages optical correlation with a novel single-pixel spot/blur classifier to achieve low-power high-speed target detection with a wide field-of-view in room light.
Introduction
Target detection refers to the task of determining the presence or absence of a known object. This is useful in a variety of applications such as consumer electronics, automobiles, and factory automation, where an action needs to be performed upon the detection of the presence or absence of a target. For example, production assembly lines need defect detectors to ensure quality, automobile collision warning systems need pedestrian detectors to avoid accidents, and future smartphones may need low-power QR code detectors for automatic triggering of QR recognition applications.
State of the art target detection approaches typically use cameras to acquire images of scenes, and employ digital processing algorithms to detect targets of interest [1] . Unfortunately, the camera sensor arrays and soft/hardware based image processing solutions used in these camera-based systems have significant power requirements that render them unsuitable for mobile monitoring applications. For instance, we find that a new fully-charged iPhone 4S smartphone acquires video (without flash) for less than 2.5 hours before it needs recharging. Furthermore, in highspeed applications such as semiconductor wafer inspection, the speed of camera-based target detectors is constrained by the need to acquire, transmit, and process enormous amounts of image data. New microsensors are beginning to emerge to reduce image processing requirements utilizing target-specific optical systems [2] .
HoloCam
We solve the above power and speed problems by eliminating the need for sensor arrays and image processing. Our device, called as HoloCam (Fig. 1) , consists of a phase-only computer generated target hologram (TH) and a largearea single-pixel distribution-sensitive detector (DSD), whose area is comparable to that of a conventional image sensor. The TH is designed to produce a tight spot on the DSD in the presence of a target under room light conditions. In the target's absence, the TH simply produces a blurred response on the DSD. By designing the TH specific to the target or a class of targets to be detected, our device can be customized for detecting a variety of different targets such as barcodes, text, and pedestrians. Although the total number of photons in the responses produced by the phase TH remains the same, we show that the spot and the blurred responses produce different electrical outputs by exploiting the photo-physics of the DSD. When the DSD output is compensated with an ambient-light detector (AD), HoloCam remains unaffected by variations in illumination.
As a target moves within the field of view of the HoloCam, the position of the spot response moves on the DSD due to space-invariance. As a result, the field of view of the HoloCam is comparable to that of a conventional camera. HoloCam consumes very low power because of its single pixel DSD. In fact, when a photovoltaic cell is used as the DSD, HoloCam requires no external power to operate. Further, HoloCam operates at high speeds because of its very low data (single pixel) detection and processing requirements. 
Target Hologram (TH) Design
The target hologram is a diffractive optical element that modulates the phase of light scattered from a target to generate a spot-like response on the DSD. For objects other than the target, the TH produces a blurred response. In comparison to standard bulky optical correlators consisting of lenses and masks [3] operating under laser illumination, our target holograms perform single-element optical correlation in broadband incoherent illumination. With knowledge of classical methods to control light [4] , the TH is designed with an optimization algorithm that propagates light scattered from the target and applies constraints in two axial planes (TH and DSD) to obtain holograms that are optimized for target detection. We provide an outline of our algorithm here:
1. Start with a matched filter for the target 2. TH plane constraint: Phase-only filter to maximize light collection efficiency 3. Propagate light to DSD plane 4. DSD plane constraint: Confine intensity response to a tight spot while retaining phase 5. Propagate light back to TH plane 6. Repeat 2-5 to minimize a) amplitude variation in TH plane and b) spot size in DSD plane
Impact on system properties
Our THs are invariant to target translation in the transverse (x,y) dimensions. As a target moves in this plane, the TH continues to produce a spot response, but the position of the spot is shifted in a direction opposite to the direction of target motion. HoloCam will be able to detect the target as long as the spot lies within the area of the DSD. Using a large area detector, we therefore can enable a large transverse field of view.
Target movement in the axial (z) dimension leads to a change in defocus and apparent target size. Both of these effects degrade the ability of TH to generate the correlation spot. However, the effects of these degradations become minimal when the nominal position of the target is at least a few meters away from the device. In our fixed focus TH design, the effect of defocus is almost negligible starting from a hyperfocal distance all the way to infinity. Also, in a perspective system, the change in apparent target size can be derived to be, ⁄ , where s is target size, f is focal length, is nominal target distance, and is deviation from . Therefore, the spot degradation because of change in apparent target size exhibits a quadratic reduction with distance. With a system design conscious of the effects of three dimensional target translations, we design HoloCam to exhibit a wide field of view in the transverse dimensions and a wide operation range in the axial dimension.
The spot response may further be degraded by rotation of the target about any of the three coordinate axes. Also, the TH can detect only one target with the design method described above. Depending on application requirements, these problems may be solved by either designing multiplexed holograms that encode multiple targets or by implementing multiple HoloCam systems.
Single-pixel Spot/Blur Classifier
The DSD used in HoloCam outputs a single value at any given time in response to the optical intensity distribution incident on it. Interestingly, the DSD output is not only dependent on the optical power of the intensity distribution, but also on the shape of the intensity distribution (Fig. 2) . The reason for this behavior is because uniform optical distributions exhibit stronger interactions in the photodiode junction region than non-uniform distributions . By uniformly spreading out photons, uniform optical distributions make better use of the surface area of the photodiode to yield higher electrical outputs. Consequently, optical distributions with the same number of photons may generate different number of electrons in the photodiodes depending on the spatial intensity profile of the optical distribution. It is for this reason that concentrated photovoltaic systems use homogenizers to maximize energy conversion efficiency [5] . HoloCam exploits this natural behavior of DSD for classifying a spot from a blur. For a given illumination condition, although the phase-only TH generates intensity distributions on the DSD with equal optical powers for both target and non-target, the shape of the distribution is localized to a small spot for a target and is blurred out for a non-target. Being significantly non-uniform, the optical distribution for the target produces a lower electrical DSD output when compared to the electrical output of the uniform non-target optical distribution. In applications where targets and non-targets are under identical illumination conditions, the above mentioned difference in DSD electrical outputs may directly be used for classification by marking DSD outputs below a threshold as responses corresponding to the presence of target. When an application subjects targets and non-targets to varying illumination conditions, HoloCam requires an ambient-light detector (AD) to independently provide a reference measure for the optical power entering the TH. The AD is located in the same axial plane as the TH, preferably in close transverse proximity to TH. Since the optical distribution measured by AD is unaffected by the TH, AD output is sensitive only to the optical power of diffusely scattered illumination and not to the shape of target/non-target under observation. The AD output is used to normalize the DSD output to make the classification accuracy of HoloCam unaffected by illumination variations. As an example, a classification metric based on the ratio ⁄ removes the effect of unknown illumination from DSD output h(t) using AD output a(t), where t denotes time.
Experiment
In a proof-of-concept experiment, we implemented our TH design (Fig. 3a) with a Holoeye PLUTO-VIS phase only spatial light modulator (SLM). Our targets were illuminated by broadband incoherent unpolarized white light emitting diodes (LEDs). Our experiment did not use any lens, spectral filter, or a polarizer. We eliminated the need for separate Fourier transforming lenses by accounting for them in our TH design. Not all light from our target/nontarget is modulated in our system because of our SLM's polarization sensitivity and lack of 100% fill factor. In contrast to lens based systems that integrate SLMs, our system does not focus this unmodulated light because of the fact that lens is an integral part of the TH. In order to confirm the formation of spot response for a target and a blur response for a non-target, we used an Aptina MT9V024 CMOS array sensor in the focal plane of the TH. As shown in Figure 3b , when the target is within the field of view, the TH generated a correlation spot response on the detector. However, the TH response changes to a blur when a non-target is within its field of view (Fig. 3b) . We implemented a DSD circuit based on a photovoltaic detector connected to a 4KΩ load and measured the voltage across the load. In order to test the sensitivity of our DSD to variation in intensity distribution, we moved a white LED source with over 70° divergence angle in incremental steps away from the DSD. As the source-DSD distance increases, the shape of the optical intensity distribution incident on the DSD expands in size. Although the source emitted constant amount of optical power at all distances, the DSD output shows significant increase in output voltage for larger distances because of increase in optical distribution size leading to improved utilization of the DSD (Fig. 3d ). Placing such a DSD in the TH focal plane will result in lower voltages for the spot-like target responses and higher voltages for blurred non-target responses.
Conclusion
We have introduced a novel low-power target detector that performs single-element processing with a target hologram and classifies the target response using a single-pixel distribution sensitive detector.
